Abstract. In this work we investigate the effects of compounding temperature and secondary melt processing on the mechanical response and electrical behaviour of polycarbonate filled with 3 wt% carbon nanotubes. The nanocomposites were melt compounded in an industrial setting at a range of temperatures, and subsequently injection moulded or compression moulded. The surface hardness, uniaxial tensile properties and electrical resistivity were measured. Secondary melt processing is found to be the dominant process in determining the final mechanical properties and resistivity of these materials.
INTRODUCTION
The increasing miniaturization of electronic consumer products makes conductive polymers attractive for massproduction. One important application area is packaging of sensitive electronics, where conductive materials are required to dissipate static charge. Most thermoplastics can be rendered electrically conductive by adding fillers such as carbon black, metallic particles or carbon nanotubes (CNTs); nanotubes can provide significant conductivity at much lower filler concentrations, while still preserving attractive polymer properties such as the processability. This is attributed to the very high surface to volume ratio and small size of the CNTs promoting the formation of the CNT network. This conductive network, combined with the high stiffness of the CNTs, is desirable to reinforce and to add new functionalities to the base matrix.
While electrical properties stem from a percolated conductive network consisting of single CNTs and/or CNT agglomerates within the matrix, mechanical properties are enhanced by good dispersion of individual CNTs. Detailed work by Alig and co-workers has shed light on the mechanisms of the formation of the CNT network in the matrix melt [1] . Zeiler et al. found that the network formation is enhanced by a matrix of lower molar mass and at higher temperature [2] . They confirmed that the CNT network consists of weakly bonded clusters that break up and re-agglomerate to form a conductive pathway during the application of shear, suggesting that the destruction of CNT-CNT bonds is reversible. Recent work carried out in our laboratory also confirmed the polymer's role as the dominant relaxation mechanism in these nanocomposite materials [3] .
Most work on PC-MWCNT to date has primarily focused on material produced by small batch mixing. Commercially, nanocomposites are delivered as compounded granulated feedstock to manufacturers, who re-melt the granules using standard polymer processes such as extrusion and injection moulding to form their products. The focus of this work is to understand the influence of primary compounding temperature and of secondary process (injection and compression moulding) history on percolated PC-CNT systems.
MATERIALS AND METHODS
A range of Makrolon 2205 polycarbonates (PC) filled with NC7000 multi-walled CNTs (MWCNTs) were extruded and pelletised by Nanocyl S.A. between 230 ˚C and 290 ˚C in 10 ˚C increments using a Leistritz ZSKMAXX co-rotating twin-screw extruder with proprietary screw profile with a length to diameter ratio of 48:1. The screw speed was fixed at 300 rpm. The MWCNTs were incorporated into the matrix with a nominal mass fraction of 3%.
A flash mould consisting of interlocking parts producing the cavity shape was used to compression mould (CM) dog-bone specimens at a temperature of 250 ˚C [4] , according to Type 1BA (75 mm × 5 mm × 2 mm) of BS EN ISO 527-2:2012 [5] . These moulds eliminate post-moulding specimen preparation. Injection moulding (IM) was performed using an Engel Victory 80 by Nanocyl S.A. in accordance with ASTM D638 (150 mm × 10 mm × 4 mm) at a temperature of 295 ˚C [6] . Linear dimensions of the IM specimens are twice those of CM specimens.
Electrical resistivity, ρ, measurements were performed using a custom two-terminal fixture with spring-loaded terminal contacts. Contacts are made of conductive carbon-filled silicone (Laird Technologies C5-9134) to promote intimate contact with the rigid surfaces of the specimens. In order to standardize the electrical test between specimens of different dimensions the voltage per unit length was fixed at 143 V m −1 for both CM and IM samples, and applied for 20 s, during which time the current was measured using a sensitive Keithley 6517B electrometer. Vickers hardness, HV, was measured with a minimum of four indentations on each dog-bone at the grip area with 5 kgf (≈49N). Tensile testing was subsequently performed at room temperature with an Instron 5968 testing machine with a load cell of 5 kN at a nominal strain rate of 5.56 × 10 −4 s −1
. All tests were repeated on five specimens for each shaping method and compounding temperature. The Tietjen-Moore's outlier test [7] was used to detect and remove a small number of outliers in the experimental data, at the 5% significance level. All error bars represent confidence levels of two standard errors.
RESULTS AND DISCUSSION

Electrical Resistivity
The electrical resistivity of CM and IM bars is presented in Figure 1 as a function of the compounding temperature T. Within a moulding process no significant dependence of ρ on T was observed. Compounding temperature affects matrix viscosity and was expected to lead to different levels of CNT dispersion, and hence different ρ. The lack of variability with T may be due to the fact that CNT concentration is above the electrical percolation level (1 -2 wt% for comparable systems) [8] . Therefore, a network structure is easily established yielding several conductive pathways within the matrix. There are, however, significant differences in ρ between the two forming processes, with CM specimens an order of magnitude more conductive than IM specimens. The variability for CM specimens is also greater. The slower cooling process in CM specimens provides an explanation, promoting a more percolated network and secondary agglomeration, and leading to a wider variation in the CNT network compared to IM specimens. This is consistent with the view that polymer mobility dominates the relaxation processes [3] . A smaller effect contributing to the higher resistivity of IM bars may be orientation of CNTs due to skin effects [9] . Figure 2 presents the average Vickers hardness for CM and IM specimens as a function of T. All CM specimens recorded higher HV compared with unfilled CM PC (15.1±0.2 kgf mm −2 ), attributed purely to the presence of CNTs. IM specimens recorded consistently lower hardness (1 to 4%) than CM specimens, and in some cases lower than the unfilled CM PC. The relatively small hardness difference in both methods relative to the unfilled PC could be attributed to the degree of agglomeration of CNTs within the percolated systems. This is suggestive of poor CNT dispersion in the matrix, and the presence of softer matrix-rich regions may be dominating in the hardness test. Poor interfacial bonding between the (unmodified) CNTs and polymer chains could also lead to ineffective stress transfer.
Hardness
FIGURE 2. Vickers hardness of PC-MWCNT 2205 (3 wt%) compounded at T between 230 ˚C and 290 ˚C, and subsequently formed by compression moulding and injection moulding. The dashed line represents the Vickers hardness of compression moulded unfilled PC 2205
Tensile Response
The effect of compounding temperature on Young's modulus, E, of CM and IM specimens is presented in Figure 3 . Within each moulding method there is no significant change in modulus across the compounding temperature range. However, moduli of IM specimens are consistently higher than those of CM specimens, and both are higher than that of the unfilled PC. The difference between moulding methods can be explained by considering that IM produces shearing flow, leading to alignment and orientation of both CNTs and polymer chains frozen in during the fast cooling. The effects of molecular orientation within the matrix are expected to be small [10] , and therefore the change in modulus is attributed to preferential nanotube orientation frozen in during injection moulding. All nanocomposite samples failed by brittle fracture, unlike unfilled PC which necks and draws to large deformations. The UTS in nanocomposites therefore coincides with the fracture point. For the unfilled PC, a yield stress value is obtained instead. Figure 4 reports the effects of T on the UTS of CM and IM specimens. The presence of CNTs reduces the UTS of the matrix by up to 26% and transits the failure of PC from ductile to brittle. It should be mentioned that minor defects such as small voids within the solid specimens will contribute to the reduction of mechanical properties. Due to opacity of the specimens it was challenging to determine such defects although density measurements were performed in an effort to identify significant voids. 
Micromechanical approaches
The elastic modulus of nanocomposites can be predicted using micromechanical modelling techniques developed for fiber composites. Here we employed the modified Halpin-Tsai model for randomly oriented CNTs that considers effects of CNT aspect ratio, given by [11] 
The constants used are E matrix = 2236 MPa (measured on CM PC 2205), E CNT = 450 GPa [12] , CNT length = 418 nm and CNT diameter = 10 nm [13] , and volume fraction of filler V CNT = 0.017 (calculated from the mass fraction using a density for CNTs of 2.09 g cm −3 ). Substituting these values in Equation (1) yields E = 2595 MPa, shown in Figure 3 . This value is only marginally higher than the measured CM moduli, suggesting that although there is some agglomeration, its effect on the modulus is not too significant.
Thostenson and Chou modified the Halpin-Tsai equation for filled systems with perfectly aligned particles, and their expression for the modulus parallel to the fiber axis is given by [14] 
Using the same constants, Equation (3) provides an upperbound for IM PC-MWCNT, calculated as E = 3017 MPa, and shown in Figure 3 . The CNTs within the IM bars are expected to have a spectrum of orientations relative to the tensile axis, with some preferential alignment. Hence, the modulus calculated from Equation (1) can be considered a lowerbound, and that from Equation (3) an upperbound. The measured moduli of IM PC-MWCNT all lie within this range.
Correlations between measurements
All correlations between electrical and mechanical properties were examined, separately for CM and IM specimens. The most significant correlation within CM specimens can be found between HV and log ρ (correlation coefficient, R = -0.4). It is speculated that an initial difference in dispersion manifests itself through differences in the extent of the CNT network. Thus, a better established network provides both a better conductivity (lower ρ) and a greater hardness. The most significant correlation within IM specimens is between E and HV (R = 0.52). A larger modulus is obtained through increased nanotube orientation. But since HV is essentially a surface measure of plastic deformation, more nanotube orientation on the surface can lead to an increase in hardness since there are less nanotubes aligned with the indentation direction to resist this. It is plausible to consider that nanotube bending (as would be expected during indentation of surface-oriented nanotubes) leads to smaller stress concentrations in the polymer matrix than deformation along the nanotube axis, and therefore results in a more elastic (and less 'hard') indentation.
CONCLUSIONS
This study has shown that the secondary processes play the dominant role in the final mechanical properties and electrical resistivity of percolated PC-MWCNT nanocomposites. The longer moulding times of CM relative to IM promote the formation of a more established CNT network that leads to decreased resistivity and hardness but increased stiffness. This serves as a reminder of the challenges in producing highly conductive nanocomposites with enhanced mechanical properties via conventional moulding methods that involve fast cooling.
